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During the  pas t  6 months w e  have made progress i n  the following 

areas of research: 

1. Comprehensive survey of t he  literature f o r  a l l  types of 

explosions 

2. 

3, Energy addi t ion s tudies .  

Study b l a s t  wave behavior from simple pressure vessel burs t s .  

4. Study energy d i s t r ibu t ion  between source volume and 

surroundings f o r  d i f f e ren t  explosion processes. 

5. Back calculat ion studies.  

Current s t a t u s  and fu tu re  plans f o r  each of these areas of study w i l l  
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SURVEY OF THE LITERATURE 

This survey i s  complete. It is being forwarded t o  NASA L e w i s  

Laboratories f o r  pr in t ing  as a NASA CR report  and d is t r ibu t ion .  

SIMPLE PRESSURE VESSEL BURST 

This study is reasonably complete. It w a s  discovered during the 

analysis  of 10 numerical calculat ions with d i f f e r e n t  i n i t i a l  conditions 

tha t  a s ingle  

spherical  p res lu te  vessel bu r s t s  could be constructed from the computer 

rpressure versus 'scaled dis tance nomograph f o r  a l l  

output. 

the  pressure, veloci ty  of sound and heat  capacity r a t i o  of the gas i n  

the vesse l  are known. These are the per t inent  var iables  according t o  

The i n i t i a l  point on the  nomograph can be determined eas i ly  i f  

Baker's analysis  as presented i n  the l as t  s t a t u s  report .  A t  present w e  

are  not  sure  how pos i t ive  impulse w i l l  scale and we  do not have su f f i c i en t  

data reduced t o  allow a clean cu t  decision t o  be made on t h i s  point.  W e  

should complete both the overpressure and pos i t ive  impulse modeling 

during the next 6 months. The r e s u l t s  of t h i s  work have yielded a thes i s  

f o r  M r .  Ricker and are being wr i t t en  up for  presentation a t  the F i f th  

Internat ional  Symposium on Ekplosions and Reactive Systems t o  be  held i n  

Bourges, France, i n  September. 

SwRI is planning t o  start experimenting with burst ing g lass  spheres 

t o  learn  how the b l a s t  wave i n  the  near f i e l d  is modified by the  presence 

of fragments, 

ENERGY OF ADDITION STUDIES 

W e  have approximately 23 computer runs i n  which energy w a s  added 

slowly t o  a central region of the  flow. The bas ic  gr id  contains nine cases. 
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The cen t r a l  point  on the gr id  is a control  point  and calculat ions were 

a l s o  made f o r  an increase and decrease by an order of magnitude i n  both 

t h e  energy and the rate of energy addi t ion,  yielding 8 addi t iona l  bas i c  

calculat ions.  The energy addi t ion  w a s  exponential in  t i m e  with a t i m e  

for  addi t ion  of 0.2 to a t  the  cen t r a l  point  where t i s  the t i m e  i t  takes 

a sound s igna l  t o  travel from the  edge of t he  b a l l  t o  the center.  

energy w a s  added homogeneously t o  the gas in s ide  the  b a l l  volume. 

oaher runs were made t o  check on the  e f f e c t s  of varying a number of im- 

por tant  parameters, In  each case only one parameter w a s  varied a t  a t i m e .  

0 

The 

The 

For example, ne t  s i z e  w a s  changed t o  check reproducibi l i ty ,  energy w a s  

added as a cosine functiPon in  t i m e ,  as a cosine function i n  space, as a 

double ramp function, etc., etc. 

The r e s u l t s  of these runs are current ly  being analyzed i n  d e t a i l .  

They w i l l  y ie ld  a Ph.D. thes i s  f o r  Mr. Adamczyk and w i l l  thereaf te r  be 

wr i t ten  up fo r  the  open l i t e r a t u r e .  

ENERGY DISTRIBUTION AT LATE TIME 

A paper is i n  preparation i n  which w e  examine the  energy dis t r ibu-  

t ion,  a t  la te  t i m e ,  between the source volume and the surroundings. This 

i s  calculated by estimating the  p,v behavior of t h e  contact surface during 

the explosion process t o  determine the quant i ty  of energy which i s  eventu- 

a l l y  deposited i n  the surroundings. S i x  d i s t i n c t  energy addi t ion pro- 

cesses have been studied. These are: I. Constant pressure energy ad- 

d i t ion .  11. Constant volume energy addi t ion followed by i sen t ropic  

expansion against  an always equal counterpressure. 111. The burst ing 

sphere. I V .  Constant ve loc i ty  p is ton  with f i n i t e  stroke.  V. Constant 

veloci ty  flame with f i n i t e  flame b a l l  s i ze ,  and V I .  Spherical  C J  detonation. 
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It w a s  found t h a t  the quant i ty  E /Q, which represents  t he  relative 
S 

quant i ty  of energy t ransfered t o  the surroundings varied from (yl-l)/’Yl 

to  1 depending on the process involved (here Y, is  

of the working f l u i d  i n  the b a l l )  and t h a t  f o r  the 

b l a s t  i s  transmitted t o  the surroundings while f o r  

behavior i s  obtained . 

the hea t  capacity r a t i o  

(yl-l)/yl l i m i t  no 

the  1 l i m i t ;  point source 

These r e s u l t s  lead us t o  question the  concept of f a r  f i e l d  equiva- 

lency as applied t o  a l l  explosions. I n  regard t o  t h i s  work w e  have a l s o  

discovered a simple way t o  replace the AH of a hydrocarbon by a more use- 

f u l  va r i ab le  t o  represent  energy addi t ion due t o  combustion, whether i t  be 

detonation, flame propagation or  constant volume o r  constant pressure com- 

C 

bustion. 

can be e a s i l y  curve f i t t e d  t o  the rectangular hyperbola which represents  

It turns  out  t h a t  t he  ac tua l  Hugoniot of the combustion products 

heat  addi t ion t o  a constant gamma gas. 

Q and y which can now be used i n  conjunction with the  E /Q r e s u l t s  de- 

veloped i n  the earlier p a r t  of t h i s  phase of the  work. 

This curve f i t  y i e lds  a value of 

S 

This work i s  being 

wr i t t en  up as a paper f o r  submission t o  Combustion and Flame. 

BACK CALCULATION TECHNIQUE 

This technique has been developed and compared t o  a forward calcu- 

l a t i o n  f o r  one case with reasonably good agreement, A deta i led  descrip- 

t i on  of t he  technique, wr i t t en  by D r .  Frank Dodge, i s  included as Appendix 

A. The technique w i l l  next be applied t o  some real records which have been 

obtained from Mrs, Hyla Napadensky a t  I I T  Research I n s t i t u t e ,  Chicago, Ill. 

W e  now r e a l i z e  t h a t  the technique w i l l  only ca lcu la te  ES, t h e  energy im- 

parted t o  the surroundings by the  explosion. However, t h i s  technique i n  

. 

conjunction with the E /Q theory discussed i n  the previous sec t ion  should S 
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yield a reasonable estimation of Q f o r  any accidental  explosion t h a t  

can be evaluated by back calculat ion.  

B I B L I O G W H Y  

The following reports  are e i t h e r  completed o r  i n  preparation i n  

connection with t h i s  grant. 

1. 

2. 

3, 

4. 

The Characterization and Evaluation of Accidental 
Explosions by Roger A. Strehlow and Wilfred E. Baker. 
NASA CR 134779. June 1975 

Blast Waves from Bursting Pressurized Spheres. 
Randall E. Ricker, M.S. Thesis, University of I l l i n o i s  
(1975). To be wr i t t en  as a paper f o r  presentat ion 
a t  Bourges, France, September 1975. 

Terminal Energy Dis t r ibu t ion  f o r  Non-Ideal B l a s t  Waves. 
R. A. Strehlow and A. A. Adamczyk. C o m b u s t i o n e  
Flame - t o  be submitted soon. 

A Study of Blast-Waves Generated by Non-Ideal Energy 
Sources by A. A. Adamczyk, Ph.D. Thesis, i n  
preparation. 
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APPENDIX A 

DETERMINATION OF ENERGY-RELEASE FUNCTION 

by D r .  Frank Dodge 

Southwest Research I n s t i t u t e  

1. Introduction 

There i s  not  ye t  a general  theore t ica l  model t ha t  makes i t  pos- 

s i b l e  t o  unify a l l  the diverse  da ta  ava i lab le  from non-ideal explosions, 

pa r t ly  because of the g rea t  d i f f i c u l t y  i n  measuring the energy released 

by the explosive react ion.  

cha rac t e r i s t i c s  are or  can be measured, which makes i t  necessary t o  de- 

termine the energy released by some other  method. Strehlow, Savage, and 

I n  must experiments only the b l a s t  wave 

Vance (Ref, 1) have out l ined a method of back-calculating the  explosive 

energy released t h a t  uses only experimental pressure data ,  which i f  veri- 

f i e d  might provide the  needed l i n k  between experimental data and the 

development of a general  t heo re t i ca l  model. The object ive of t h i s  task  

w a s ,  i n  f a c t ,  t o  devise a computer code along the l ines sketched i n  Ref. 1 

and t o  detetmine i f  the  proposed method of computing the energy released 

w a s  v a l i d ,  There were some questions about whether the assumptions made 

i n  Ref. 1 t h a t  connected the flow f i e l d  t o  the  energy released by the ex- 

plosion were not  overly ideal ized,  but  because of the  ove ra l l  progress 

made i n  the various tasks  of t h i s  program, more realist ic assumptions are 

now possible.  In  addi t ion,  the  procedure outlined i n  Ref. 1 w a s  l imited 

t o  experimental da ta  t h a t  contained no shock waves; a t en ta t ive  method of 

incorporating shocks is out l ined herein,  although these kinds of calcula- 
I 

t ions  have not  been included i n  the present results. 

In  b r i e f ,  the  method out l ined i n  Ref. 1 uses pressure vs. t i m e  
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data  a t  a fixed s p a t i a l  loca t ion  as s t a r t i n g  conditions f o r  a technique 

based on the  method of cha rac t e r i s t i c s .  The e n t i r e  flow f i e l d  is calcu- 

l a t ed  backward i n  t i m e  and space u n t i l  t he  cloud of explosive gases is 

reached. Inferences are made about the energy contained i n  the  cloud, 

using some thermodynamics- and chemistry-based assumptions. 

t i t i o n i n g  of t h i s  energy between the flow f i e l d  and the explosive gases 

a r e  obtained by using the  computed d e t a i l s  of t he  flow f i e l d .  

cedure therefore  allows the  energy released by the  explosion t o  be cor- 

The par- 

This pro- 

re la ted  with the  over-pressures tha t  are generated ( i . e . ,  destructive- 

ness),  the f a r - f i e ld  equivalence t o  TNT, etc. 

2. S t a r t i ng  Conditions f o r  Calculations 

A t yp ica l  experimental set-up is sketched i n  Figure 1. The pres- 

sure gage located a t  the r a d i a l  d i s tance  RG from the  si te of t he  explosion 

records the  pressure as a function of t i m e .  This record,  the d is tance  RG, 

and t h e  t i m e  t = 0 a t  which the  explosion begins are presumably a l l  the  

data avai lable .  

I n  order t o  start the back-calculations of t he  flow f i e l d ,  two of 

i the  flow var iab les  must be known f o r  a l l  t i m e  t > 0 a t  R = RG. 

p l i e s ,  inc identa l ly ,  t h a t  a r b i t r a r y  assumptions about the pressure and, 

(This  im-  

say the  p a r t i c l e  ve loc i ty  a t  T = R are not possible,  and tha t  the r e l a t i o n  G 
between the pressure and the  ve loc i ty  must be a so lu t ion  of the equations 

of motion.) The experimental pressure data  provide one of the needed in- 

puts,  but  the  second must i t s e l f  e i t h e r  be measured (which, i f  it is the  

particle ve loc i ty  is not  e a s i l y  done and i n  any case not generally avail-  

able) o r  derived so le ly  from the pressure record, which is the  method used 

here. Since the  explosion i s  unconfined, the flow contains only a simple 
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wave emanating from a simple source. With t h i s  kind of wave  system, there  

is a unique r e l a t i o n  between the  pressure vs. t i m e  curve a t  R = RG and the 

p a r t i c l e  vs, t i m e  curve, as contrasted t o  a wave system including re- 

f l ec t ed  waves f o r  which the  p a r t i c l e  ve loc i ty  can not  be computed so le ly  

from a pressure record. 

When the  maximum pressure i s  no t  too much la rger  than ambient, the  

ve loc i ty  can b e  calculated by acous t ic  methods (Refs. 2 and 3 ) .  

coust ic  waves, the p a r t i c l e  ve loc i ty  u a t  R =: RG is: 

For a- 

s * d t  + a s u(RG,t) = - 0 

I n  Eq. (1) , a. i s  the  ambient speed of sound and s = (P - Po> /Po 5 s  t h e  

condensation," where p is the  densi ty  of t he  a i r  i n  the  wave system and 

p is t h e  ambient density.  For an i d e a l  gas, the condensation can be re- 

11 

0 

l a t ed  t o  the  pressure p by: 

s = (L)y - 1 &L (Ap = p - po) 
P O  YPO 

where the  last  approximation follows from the  assumed 'smallness of t h e  

over-pressure. Eqs. (1) and (2) allow the ve loc i ty  a t  R = RG t o  be cal- 

culated so le ly  from a pressure record, f o r  acous t ic  waves. 

Ref. (1) gives  a modification of Eq. (1) t o  allow l a rge r  over-pres- 

sures,  using a first order correct ion term t o  the ve loc i ty  of sound, a. 

For an i d e a l  gas a2 = yp/p, so t o  the f i r s t  approximation: 

(3) 
1 a = a [1 + ~(~-1)sl 

0 

The 'pa r t i c l e  ve loc i ty  i s  therefore:  

(4) 
aO ' 1  u(RG,t) = - [l+(y-l)s] s a d t  + ao[1 +$y-l)s]s 
RG 
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A fu r the r  refinement can be made by applying acous t ic  theory 

local ly ,  i.e., by superimposing an acoust ic  "wavelet" on a wave of f i n i t e  

amplitude (Ref. 4 , ) .  This approximation gives 

In any of t he  methods, the  in tegra t ion  with respect  t o  time must be per- 

formed numerically. 

A s  mentioned previously, the  pressure and ve loc i ty  a t  R = R must G 

be a so lu t ion  of t h e  equations of motion. The accuracy of t he  various ap- 

proximations, Eqs.  (l), ( 4 ) ,  or  (5), can only be checked, therefore,  by 

experimental da t a  f a r  both pressure and ve loc i ty  o r  by numerical r e s u l t s  

from avai lab le  computer codes f o r  s implif ied forms of non-ideal explosions. 

Since experimental data  are not  current ly  avai lable ,  numerical data  were 

used here.  

computed f o r  the  very rap id  addi t ion of heat  t o  a spher ica l  cloud of i d e a l  

gas (Ref. 5). 

These solut ions,  which w e r e  provided by A.  A. Adamezyk, were 

A typ ica l  pressure pulse i n  the  surroundings a t  a dis tance 

R equal t o  three times the  i n i t i a l  cloud radius  R 

This pulse  is characterized by a strong compression wave that passes t h e  

pressure gage loca t ion  a t  a non-dimensional t i m e  of about 2.9 (which cor- 

responds t o  an ac tua l  t i m e  of 2.9 x J1.4 = 3 .4  t i m e s  t h e  t i m e  required f o r  

is shown i n  Figure 2. G 0' 

a sound wave t o  travel outward from the  center  of t he  cloud t o  i t s  o r ig ina l  

boundary, when the  gas is a t  its i n i t i a l  temperature). 

duced by t h i s  system of out-going waves is  shown i n  Figure 3,  as are sample 

r e s u l t s  calculated by in se r t ing  the  pressure da t a  of Figure 2 i n t o  Eqs. (l), 

The ve loc i ty  in- 

( 4 ) ,  and (5)& A l l  of the approximations reproduce the  general  shape of the  

ve loc i ty  VS. time record, but  t h e  wavelet approximation, Eq. (5), has t h e  



smallest maximum er ror .  

i n  veloci ty  divided by the maximum veloci ty ,  u = 0.31200). 

methodis therefore  used hereaf ter  t o  ca lcu la te  s t a r t i n g  ve loc i t ies .  

(The e r ro r  a t  a given t i m e  i s  the discrepancy 

The wavelet 

The wavelet approximation probably is accurate enough t o  ca lcu la te  

reasonable s t a r t i n g  ve loc i t i e s  even for  much stronger.compressions waves, 

as is  discussed i n  Section 5. 

3 .  Back-Calculations by Method of Character is t ics  

The method of cha rac t e r i s t i c s  ( tha t  is, projecting cha rac t e r i s t i c s  

from points where the flow variables  a r e  known t o  points  where the flow 

variables  

unsteady , 
extremely 

constant I 1  

a r e  desired) is a common solut ion technique fo r  one-dimensional, 

compressible flow (Ref. 6) .  I n  its pure form, however, i t  is 

unwieldy for  use in computer solutions,  and the Hartree or 

t i m e  step" modification i s  the most common method of applica- 

t i o n  f o r  computing the flow t h a t  r e s u l t  from any specif ied disturbance 

(Ref. 7 ) .  

system of s imple ,  outgoing waves, which w i l l  be  discussed b r i e f l y  t o  con- 

Figure 4a shows how the  Hartree scheme would be applied t o  a 

. 

trast i t  with the scheme developed here. The disturbance can be specified 

along any l ine i n  the distance vs.  t i m e  space tha t  i s  not a characteris-  

t i c  of the flow. Two of the flow variables  must be specif ied along an 

i n i t i a l  da ta  l i n e  t = constant, but there  is no in te r re la t ionship  between 

the pressure and the veloci ty  along t h i s  l i n e  tha t  must be sa t i s f i ed .  

The flow var iab les  fo r  a t i m e  advanced everywhere by A t  a r e  calculated 

from the known disturbance and the flow information carr ied forward with 

the charac te r i s t ics .  A point on the advanced t i m e  l i n e  (say, point 4 )  is  

located approximately by project ing forward the p a r t i c l e  path ( i .e . ,  a 

l i n e  with the slope dR/dt = l/up) from a point 2 on the i n t i a l  data l i n e .  
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The "P" and "Q" cha rac t e r i s t i c s  ( l i n e s  with s lope l / ( u  + a )  and l/(u-a) 

respectively) are then dropped back u n t i l  they i n t e r s e c t  t he  i n i t i a l  data 

l i n e ,  simultaneously in te rpola t ing  between 1 and 2, and 2 and 3, t o  de- 

termine the  required flow var iab les  f o r  these cha rac t e r i s t i c s .  The flow 

information ca r r i ed  forward along the cha rac t e r i s t i c s  t o  4 is  used t o  

ca lcu la te  the flow var iab les  a t  4 , a f t e r  which a l l  the slopes are cor- 

rected and 

s a t i s f i e d ,  The conditions fo r  numerical s t a b i l i t y  have been shown t o  be 

tha t  A t  < R / a  over the e n t i r e  i n i t i a l  da ta  l ine.  Otherwise the flow 

var iab les  a t  4 are influenced by da ta  lying outs ide the cha rac t e r i s t i c s  

iterative ca lcu la t ions  are performed u n t i l  convergence i s  

through 1 and 3 .  

It is c l ea r  t h a t  the  Hartree method i s  not  appl icable  t o  the  prob- 

l e m  of back-calculating the flow generated by a system of outgoing waves. 

For t h i s ,  the  pressure and ve loc i ty  a t  a f ixed loca t ion  R = RG f o r  a l l  

t > 0, as : w e l l  as the pressure (p = p ) and ve ioc i ty  (u = 0) along the l i n e  
0 

t = 0 ly ing  t o  the  r i g h t  of the  source of the waves (i .e. ,  the  cloud of 

gases), are the known conditions,  and the disturbance t h a t  caused the flow 

is sought. 

devised, as sketched i n  Figure 4b. 

A new "constant d i s tance  s tep"  technique has therefore  been 

Although a t  f i r s t  glance the constant 

t i m e  s t ep  and the constant dis tance s t ep  procedures s e e m  analogous, there  

are severa l  important differences.  The p a r t i c l e  path through the new 

point (say, point  4) w i l l  not  l i e  without the area formed by the  character- 

ist ics in t e r sec t ing  a t  4 ,  except f o r  a supersonic flow, and s ince the point  

of o r ig in i a t ion  of t h i s  p a r t i c l e  path w i l l  not be known even approximately 

in advance of ca lcu la t ing  the flow var iab les  at  4,  there  is  no need t o  

pro jec t  the  p a r t i c l e  paths f o r  t h i s  method. Instead the "Q" cha rac t e r i s t i c  

through one of the points  on the  i n i t i a l  data  l i n e  (say, point 1) is  
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projected backward t o  loca t e  4 approximately. 

i s t i c  is projected forward t o  loca t e  a point  3 on the  i n i t i a l  data  l i n e ,  

From 4 ,  a "P" character- 

using in te rpola t ion  between 1 and 2 t o  determine the slope of the charac- 

t e r i s t i c .  I t e r a t i n g  on the locat ion of 4 and 3, using corrected values 

of t he  average slopes,  v e l o c i t i e s ,  etc., is  repeated u n t i l  the  so lu t ion  

convergences. 

Details are given i n  the Subappendix. 

The flow proper t ies  of point  4 can be  calculated,  and so on. 

The s t a b i l i t y  c r i t e r i o n  r e l a t i n g  AR t o  the  chosen values of A t  can 

be explained with reference t o  Figure 5a and 5b. 

must be chosen small enough s o  tha t  each of the new points  lies ins ide  the 

The dis tance s t e p  AR 

zone of influence of the  two appropriate  po in ts  on the i n i t i a l  data  l i n e .  

Otherwise, as the  dashed l i n e s  ind ica te ,  the flow var iab les  a t  the new point 

w i l l  be influenced by da ta  not on the i n i t i a l  da t a  l i ne .  

sonic  or  supersonic flow, i t  turns  out tha t :  

For e i t h e r  sub- 

When the flow is l o c a l l y  sonic  (u = a )  i t  appears t h a t  AR = 0; t h a t  

is, the ca lcu la t ions  cannot progress. This corresponds t o  the coincidence 

of a c h a r a c t e r i s t i c  and the da t a  l i n e ,  which i f  i t  occurs a t  other  than 

i so la ted  or s ingular  points,  causes the method of cha rac t e r i s t i c s  t o  break 

down; i n  other words, the problem is not well-posed (Refs. 8 and 9 ) .  It 

is  unl ikely i n  a system of outgoing waves generated by an explosion t h a t  the  

ve loc i ty  w i l l  be sonic  except a t  i so l a t ed  i n s t a n t s  of t i m e  along any l i n e  

R = constant; therefore ,  the method of cha rac t e r i s t i c s  ought t o  be appli-  

cable here. (For the Hartree constant t i m e  s t ep  method, a c h a r a c t e r i s t i c  

and a da ta  l i n e  can never coincide.) Figure 5c shows a case where the 

ve loc i ty  increases from subsonic through sonic  ( a t  a d i s c r e t e  time) and 
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on i n t o  the supersonic range. 

charac te r i s t ics  are projected backward t o  locate  a new point changes from 

one s i d e  of the sonic point to  the other ,  with the r e s u l t  t h a t  the e n t i r e  

A s  can be seen, the way the  "P" and "Q" 

new data  l i n e  can be " f i l l e d  in" completely without using the "Q" or  

v e r t i c a l ,  charac te r i s t ic  through the sonic point. That is, there a re  no 

regions on the new l i n e  fo r  which the  flow var iab les  can not be calcu- 

la ted ,  f o r  any A t  > 0 on the i n i t i a l  l i n e ;  each of t he  points  on the new 

da ta  l i n e  has "P" and "Q" cha rac t e r i s t i c s  which when projected forward l i e  

within the data between the appropriate points  on the  i n i t i a l  l i ne ;  and 

a l l  the data  points on the i n i t i a l  l i n e a r e  used i n  calculat ing the new data. 

This s e e m s  t o  indicate  t h a t  the constant AR method is  applicable even when 

the  flow i s  sonic, i f  the sonic veloci ty  occurs only a t  d i scre te  points;  

i f  two adjacent points have u = a (corresponding t o  sonic flow for  a f i n i t e  

time), however, the e n t i r e  method of cha rac t e r i s t i c s  is  not applicable.  

During the current e f f o r t ,  only cases involving subsonic flow have been in- 

vestigated,  so  numerical d i f f i c u l t i e s  t h a t  might be encountered with sonic 

flow a t  d i sc re t e  points  have not  been evaluated i n  pract ice .  

A computer program has been wr i t ten  t o  implement the constant dis-  

tance s tep  procedure. Typical r e s u l t s  fo r  overpressure and p a r t i c l e  ve- 

loc i ty ,  compared t o  t h e i r  "exact" values a r e  shown i n  Figure 6 .  The s t a r t -  

ing conditions for  these calculat ions w e r e  shown previously i n  Figure 2 and 

3. The back cal- (Only p a r t  of t he  calculated data i s  shown for  c l a r i t y . )  

culat ions compare reasonably w e l l  with the exact r e su l t s .  The major dif-  

ference between the  two is t h a t  the back-calculation method has tended t o  

' smooth the abrupt changes i n  the slope of the exact curves. There a r e  

several  reasons fo r  t h i s .  A value of A t  was used f o r  the s t a r t i n g  condi- 

t ions t h a t  w a s  j u s t  small enough t o  resolve the changes i n  slope i n  the 
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data  f o r  R = RG, and t h i s  r e l a t i v e l y  la rge  A t  created a f a i r l y  coarse 

computing mesh, thus tending t o  smooth the calculat ions.  Also, the  

exact" s t a r t i n g  da ta  are the r e s u l t s  of numerical ca lcu la t ions  and thus 11 

are not  an exact so lu t ion  of t he  equations of motion. I n  pa r t i cu la r ,  the  

conservation of mass requirement i n  the  o r i g i n a l  s t a r t i n g  da ta  (using the 

known "exact" ve loc i ty  and not Eq. (5) w a s  checked by f i n i t e  difference 

calculat ions and found t o  contain a discrepancy of the order  of 0.1%. 

This discrepancy propagates back through the  ca lcu la t ions  i n  the constant 

dis tance s tep  method, and while the e r ro r  does not  increase without bound, 

t h i s  i s  another source of smoothing i n  the r e s u l t s .  

i n to  account, the comparison displayed i n  Figure 6 i s  a sa t i s f ac to ry  

Taking these f a c t s  

ve r i f i ca t ion  of the  method and of t he  computer code. 

4 .  Energy-Release Computations 

The energy added t o  the surroundings by the explosion can be eval- 

uated a f t e r  the flow var iab les  (pressure,  temperature, ve loc i ty ,  e t c . )  

have been calculated.  There are several ways t o  make t h i s  evaluation. 

With reference t o  Figure 7 ,  the  i n i t i a l  s i z e  of the  e f f ec t ive  cloud 

of explosive gases, a t  the i n s t a n t  the release of energy begins, i s  ob- 

tained by pro jec t ing  the "P" cha rac t e r i s t i c  backward from the point on the 

i n i t i a l  da ta  l i n e  R = R 

u n t i l  i t  i n t e r s e c t s  the  l i n e  t = 0. I f  there  are no shock waves, the 

f o r  which the  pressure f i r s t  rises above ambient, G 

slope of t h i s  c h a r a c t e r i s t i c  i s  constant and equal t o  l/ao, so Ro = R -a t . 
( I f  a shock wave overtakes the  i n i t i a l  wave, the  slope of the cha rac t e r i s t i c  

G 0 0  

changes, and t h i s  must be accounted fo r ,  as w i l l  be  discussed i n  Section 5.) 

The p a r t i c l e  path or ig ina t ing  a t  R f Ro, t 4 0, i s  traced out by using the 

already computed"partic1e ve loc i t i e s ;  t h i s  path is the  contact surface 
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separating the  surroundings from the explosive cloud. 

the cloud, R = Rf,  is calculated by project ing the  "P" cha rac t e r i s t i c  

backward from the  i n i t i a l  da t a  l i n e ,  a t  the i n s t a n t  t he  ve loc i ty  equals 

The f i n a l  s i z e  of 

zero and the  pressure remains a t  ambient. 

The energy added t o  the  surroundings is equal t o  the  k i n e t i c  energy 

t h a t  has flowed outward from t h e  sphere R = RG plus the  i n t e r n a l  energy 

s tored  i n  the spher ica l  s h e l l  R 5 R 5 RG a t  t = tf. (There is  no k i n e t i c  
f 

energy l e f t  i n  the s h e l l  Rf 5 R 

Thus 

RG a f t e r  the  wave system passes RG.) 

pV3 d t  + 4vCv p ( T-To) R2 dR 
Es = 4'rrRt i" (7)  

where C is  the  s p e c i f i c  heat  at constant volume. Alternatively,  the v 
energy added t o  the  surroundings can be evaluated by considering the  work 

done on it  by the  expanding cloud, Thus 

where p is t h e  pressure of the  surroundings a t  the  contact surface.  

(Equation (8) may be the most convenient t o  use f o r  numerical calculat ions.  

This p a r t  of t he  computer program has not y e t  been completed, so the  rela- 

t i v e  advantages of Eqs. (7) and (8) have not been tes ted.)  

The energy t ransfer red  t o  the  surroundings can be coupled t o  the  

t o t a l  energy deposited i n  the cloud by the use of r e s u l t s  derived by 

Strehlaw and Adamczyk (Ref. 10) .  

5. Recommendations f o r  Further Work 

There are several sub-taske t h a t  need t o  be  completed i n  order t o  



make the  computer code of maximum benef i t .  Clearly,  t he  ve r i f i ca t ion  of 

the energy-release computations should be compleEed, as out l ined i n  

Section 4 ,  by comparing the  numerical predict ions t o  both ac tua l  experi- 

ments where the  explosive energy is known (e.g., burs t ing spheres) and t o  

numerical solut ions fo r  cases of adding hea t  rapidly t o  a f i n i t e  volume 

of gas (e.g., the  examples discussed i n  Section 2) .  

Ie w a s  pointed ou t  i n  Section 3 t h a t  e r r o r s  i n  the  s t a r t i n g  con- 

d i t ions ,  i n  the  sense t h a t  the  pressure and p a r t i c l e  ve loc i ty  used t o  be- 

gin the  back calculat ions are not  solut ions of the  equations of motion, 

are propagated throughout the flow f i e l d .  This w i l l  be  espec ia l ly  trouble- 

some when ac tua l  experimental pressure records are the input.  

diminish t h e  possible e r r o r s  is to  make sure  t h a t  t he  input  s a t i s f i e s  con- 

servat ion of mass. 

One way t o  

S ta r t ing  wi th  t en ta t ive  da ta  computed from Eq. (5), 

t h i s  can be done by determining the ve loc i t i e s  and dens i t i e s  on the  da ta  

RG 
l i n e  R = RG - AR. and then using the v e l o c i t i e s  and dens i t i e s  fo r  R = 

and R = RG - AR t o  check conservation of mass by a f i n i t e  difference 

technique. The ve loc i t i e s  along the i n i t i a l  da t a  l i n e  would be a l t e r ed  i n  

an iterative manner, re-computing the velocities and dens i t i e s  along 

R = RG - AR each t i m e ,  u n t i l  conservation of m a s s  i s  s a t i s f i e d .  Figure 8 

ind ica tes  one way t o  do t h i s .  Forward differences i n  time and backward 

differences i n  space are used. 

da t a  l i n e  is  known since ‘p = po(p/po)l/y (unless shock waves are present).  . 

Therefore, only t h e  computed v e l o c i t i e s  f o r  R = R can be i n  e r ro r .  I n  

Figure 8, the ve loc i ty  u i  and densi ty  p i  are interpolated from the com- 

The densi ty  everywhere along the  i n i t i a l  

G 

puted poin ts  along the new da ta  Line. The ve loc i ty  on R = R is  changed 

t o  make the  f i n i t e  difference form of the  conservaliion m a s s  equation 

iden t i ca l ly  equal t o  zero. 

G 

(Changing u1 w i l l  a l s o  eventually change u; 



and p i  but  t o  a much smaller degree.) 

along R = R 

mass. 

be re-computed, and the process repeated u n t i l  the ca lcu la t ions  con- 

I n  t h i s  way, the  ve loc i t i e s  

can be a l t e r e d  one a t  a t i m e  t o  s a t i s f y  conservation of G 

Then, the ve loc i t i e s  and dens i t i e s  along the  new da ta  l ine can 

verge. Although t h i s  process is not  without e r rors ,  because the kind of 

f ini te-difference gr id  used is known t o  be less accurate than centered 

differences,  i t  should g rea t ly  improve the  accuracy"of the  computed 

s t a r t i n g  ve loc i t i e s ,  

Another des i rab le  modification t o  the computer code i s  the  capa- 

b i l i t y  t o  include shock waves. 

arise when there  is  a shock i n  the  flow f i e l d ,  and, i n  f a c t ,  the  method 

Signif icant  numerical d i f f i c u l t i e s  can 

of cha rac t e r i s t i c s  alone can not  be used t o  back-calculate the e n t i r e  

flow f i e l d '  The shock creates a "shadow," as i l l u s t r a t e d  i n  Figure 9 ,  

through which the  cha rac t e r i s t i c s  ( i n  t h i s  case, the  "Pl' charac te r i s t ics )  

cannot be followed. Nonetheless, t h e  method of cha rac t e r i s t i c s  combined 

with a f i n i t e  d i f fe rence  technique can be  used t o  compute the  flow varia- 

b l e s  i n  the  shadowed zone, and thereby generate the  information needed t o  

pred ic t  the  rha rae t e r i s t i c s .  (The method of cha rac t e r i s t i c s  alone is  suf- 

f i c i e n t  elsewhere i n  the  flow f i e l d . )  

Assuming that the ve loc i ty  can be computed along the  i n i t i a l  l i n e  

RG, the  f i n i t e  d i f fe rence  form of the  conservatfon of mass equation (sim- 

i l a r  t o  Figure 8) can be used as an ex t r a  polat ion technique to give one 

equation r e l a t i n g  p and u a t ,  say, point  C in  Figure 9.  The known value 

of t h e  "Q" Riemann var iab le  a t  point  C gives a second independent rela- 

t ion  between p and u. Therefore, p and u a t  C can be determined, and the  

corresponding "P" var iab le  generated. A similar technique can be used t o  

f ind  the var iab le  a t  C on the  back s i d e  of t h e  shock, and l ikewise points  



elsewhere along the  shock can be  computed f o r  each d is tance  s tep.  

the flow var iab les  can change rap id ly  i n  the v i c i n i t y  of a shock, the  

Since 

f i n i t e  difference gridwork needs t o  b e  r e l a t i v e l y  f ine .  

f i n i t e  difference method is  not used to cross  a shock; instead, the  Ran- 

Note t h a t  t h e  

kine-Hugoniot r e l a t i o n s  are used t o  relate the  flow var iab les  on e i t h e r  

s ide  of t he  shock (Ref, 11). 

The s t a r t i n g  ve loc i t i e s  cannot be determined d i r e c t l y  from Eq.  (5) 

when the  pressure record conta ins 'a  shock. For weak shocks (i.e.,  pressure 

r a t i o s  across  the  shock of 2.5 o r  less) the  flow f i e l d  can s t i l l  be con- 

sidered approximately i sen t ropic  (Ref. 6) so E q .  (5) can be used i f  the  

ve loc i ty  jump across  the  shock AU i s  computed separately by t h e  Rankine- 

Hugoniot equations (Ref. 11); t h i s  is possible  because the  conditions on 

the  upstream s ide  of the  shock are known. 

then, the s t a r t i n g  v e l o c i t i e s  f o r  weak shock waves are 

In t h e  nomenclature of Figure 9 ,  

In  Eq.  (16), AU 

P 

is computed from t h e  Rankine-Hugoniot equations, using A 

and U A A as computed from E q .  (9) f o r  t = tA, as t h e  upstream conditions. 

For s t rong shocks, the  s t a r t i n g  conditions become more d i f f i c u l t  t o  

determine because each f l u i d  p a r t i c l e  passing through the  shock has a change 

of entropy. If the  shock is  of constant s t rength,  o r  near ly  so ,  however, 

E q s .  (9) and (10) still apply because the change i n  entropy is a constant 
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fo r  each p a r t i c l e .  

t ropic ,  and a l l  the entropy change is  taken up in  AU 

s t rength  var ies ,  as it would i n  most explosion-generated flow f i e l d s ,  t he  

The flow f i e l d  on e i t h e r  s i d e  of the  shock is isen- 

When the  shock A' 

p a r t i c l e s  experience d i f f e ren t  entropy changes, and Eq. (lo), which is  

derived f o r  an i sen t ropic  flow, becomes increasingly more inaccurate.  

There i s  not an unimpeachable way, i n  f a c t ,  of determining t h e  s t a r t i n g  

v e l o c i t i e s  f o r  t > t 

but ion along R = RG as an i n i t i a l  distubance t o  the  volume of space 

R > RG, and then using the  Hartree constant time method o r  equivalent t o  

compute the  flow f i e l d  f o r  R = RG. 

ci t ies  along R = 

computed code for non-strong shocks has been ver i f ied .  

except by considering t h e  known pressure d i s t r i -  A 

This procedure would give t h e  velo- 

but  it seems unduly complicated, a t  least u n t i l  t he  
R G y  

It is  therefore  

recommended t h a t  E q s ,  (9) and (10) be used i n i t i a l l y  even f o r  strong shocks. 

6. Conclusions 

A ver i f i ed  computer code, based on the method of characteristics, 

has been developed which uses as i ts  only input  the  pressure pulse recorded 

by a gauge a t  some dis tance from a non-ideal explosion t o  compute the  e n t i r e  

t rans ien t  f low f i e l d  (behind the  gauge location) generated by the  explosion. 

A method has been indicated t o  use these ca lcu la t ions  t o  determine the  ener- 

gy released by t h e  explosion. The energy-release formulation must be in- 

cluded i n  t h e  code and ve r i f i ed .  The indicated method fo r ,  incorporating 

shocks should a l s o  be implemented. 

It is believed t h a t  t he  in s igh t  provided by the  r e s u l t s  of t h i s  code, 

pa r t i cu la r ly  t h e  energy-release computations, w i l l  s i gn i f i can t ly  a id  the  

development of a general  t heo re t i ca l  model of non-ideal explosions. 
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' 

SUBAPPENDIX. Calculation of Flow Variables on New Data Line 

The method w i l l  be out l ined f o r  a general point.  Only t h e  sub- 

sonic flow is discussed, but  t he  same procedure holds f o r  supersonic 

flow. 

A s  a f i r s t  guess, the pos i t ion  of point 4 (Figure A-1) on the  new 

l i n e  is  estimated by project ing the  "Q" cha rac t e r i s t i c  backward from 

point 1 as a s t r a i g h t  l ine :  

= - i;;.l'AR 

The f i r s t  guess of , t h e  pos i t ion  of t he  point 3, whose "P" cha rac t e r i s t i c  

crosses point 4 is estimated by project ing t h e  "P" cha rac t e r i s t i c  back- 
, 

ward 

mine 

L 

from point 3, using l i nea r  in te rpola t ion  between 1 and 4 t o  deter- 

simultaneously t h e  proper t ies  a t  3: 

7 

L 3 = t, + [pL+al+AIX[n ul-al - l]/(t2-t,a2 + 4AR(u,-al) x 

1 /2  

x -- 11 [I - -]/(t2-tl)] , - [ul + a l  + 
%-a, 

-i 

The f i r s t  guess for t he  propert ies  a t  3 are thus 

t3'tl 
u3  = U I  + [ ~ J ' u 2 - u 1 ,  (A-3) 

(A-4) 
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The Riemann var iab les  P = [ & ) a + u  and Q =  [&] a - u  

a t  the  new point  4 are: 

(A-5) 

Finally,  the  f i r s t  guess f o r  the ve loc i ty  and speed of sound a t  4 is: 

%-Q, u, =- 2 (A-7) 

Now, an i t e r a t i o n  

s ince the  ''P" and 

The average s lope 

process is begun t o  determine point  4 accurately,  

"Q" cha rac t e r i s t i c s  do not  i n  f a c t  have a constant slope. 

of t he  "Q" cha rac t e r i s t i c  between 1 and 4 is  

tan[(8,+0 ) /2]  f o r  example. Thus, the  next guess f o r  point  4 is: ,Q 

t, t, 4- AR tan[(81+8sg)/2] (A-8) 

where 0 ,  = arctan[l / (a , -u , ) ] ,  0, = arctan[l/(a,-u,)] ,  and e i t h e r  non- 

dimensional var iab les  are used o r  i t  i s  understood t h a t  t he  tangents have 

dimensions of rec iproca l  veloci ty .  The flow propert ies  used i n  evaluating 

are those corresponding t o  the previous i t e r a t i o n .  Likewise, "+Q 

t3 = t, + AR tan[(03 + 8,p/2] (A- 9 

where t, comes from Eq, (A-8), 8 ,  = arctan[l/(a3+u3)1, OSp = arc tan  

[l/(a,+u,)], and the f l o w  propert ies  used i n  evaluating 8 ,  and 

respond t o  the  previous i t e r a t i o n .  The new values of t he  flow proper t ies  

cor- 

a t  point  3 are computed from Eqs. (A-3) and (A-4). The flow var iab les  a t .  
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point  4 are computed by: 

(t,-t4) (A-IO) 

(Ulal+-,+a4) 
(t ,- t  1) (A-11) Q, =,Q1 + 1 

CR-pR) 

Equations (A-7) are used to ca lcu la t e  the  new u4 and a,, I t  has been 

found t h a t  convergence is accelerated by i t e r a t i n g  upon Eqs. (A-7), 

(A-10) and (A-11) u n t i l  u4 and z i4  do not  change. 

New values of t4 and t, are next calculated,  and so on, u n t i l  . 

the loca t ions  of poin ts  4 and 3 have been determined accurately.  

The i n i t i a l  data  point to on the  new l ine  ( i .e . ,  the  point  where 
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